Deviations from plastic barriers in Bi2Sr2CaCu208+5 thin films 
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Resistive transitions of an epitaxial Bi2Sr2CaCu2 08+5 thin film were measured in various magnetic 
fields (H II c), ranging from to 22.0 T. Rounded curvatures of low resistivity tails are observed in 
Arrhenius plot and considered to relate to deviations from plastic barriers. In order to characterize 
these deviations, an empirical barrier form is developed, which is found to be in good agreement 
with experimental data and coincide with the plastic barrier form in a limited magnetic field range. 
Using the plastic barrier predictions and the empirical barrier form, we successfully explain the 
observed deviations. 

PACS numbers: 74.25.Fy, 74.25. Ha, 74.25. Qt 



One of the most intriguing features of high Tc su- 
perconductors (HTSCs) is the remarkable broadening 
of resistive transitions in applied magnetic fields. The 
broadening is related to thermal barriers (thermal ac- 
tivation energies) for vortex motion. In general, the 
vortex motion can be divided into three characteristic 
regimes 0, 0, 0, S ■ In the high temperature regime 
where the barrier Uq < T, resistivity is given by flux 
flow resistivity p oc B/Hc2- In the intermediate tem- 
perature regime, flux motion occurs through thermally 
assisted flux flow (TAFF), where flux lines are weakly 
pinned in the vortex liquid with Uq 3> T, and resistivity 
p cx exp(— C/q/T), where Uq is independent of the current 
density j for j 0. In the low temperature regime, the 
form p oc exp{—Uo/T) remains valid for the resistivity 
analysis with J7o(j) growing unlimitedly for j — > 0, thus 
leading to p 0. 

Bi2Sr2CaCu208+5 (Bi-2212) is a strongly anisotropic 
superconductor with a layered crystalline structure. The 
corresponding vortex Q |^ matter is highly two- 
dimensional (2D) in high magnetic fields, and is three- 
dimensional (3D) in low magnetic fields. The study of 
the activation energy of Bi-2212 is very interesting, as 
its TAFF regime is very broad and gives the necessary 
knowledge for understanding the vortex characteristics in 
HTSCs. Generally, resistivity in the TAFF regime is of- 
ten analyzed in an Arrhenius plot with the approximation 
In p(T, H) ^ \n po — Uq/T 6], where Inpo is the logarith- 
mic resistivity for linearly extrapolating to 1/T = 0, and 
Uq is the average slope for the resistivity data in the low 
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resistivity portion of the curves. Palstra et al. ^ found 
a power law dependence Uq cx H~°' with pq being several 
orders magnitude larger than the normal state resistivity 
in HTSCs. Kucera et al. suggested that the prefac- 
tor Pq could be highly reduced with a factor exp([/o/Tc) 
and that the activation energy Uq oc H~^^'^{1 — T/Tc) 
for Bi-2212 thin films, where was the critical temper- 
ature. The same relation Uq oc H^^^^{1 — t) was also 
suggested by Wagner et al. Q for Bi-2212 thin films, 
where t = T/T^. 

For explaining the vortex dynamics of HTSCs, many 
theoretical approaches have been proposed to character- 
ize the activation energies [lllllll4Hl^.l9llTol ITU. 
Among these approaches, the scaling of the barrier U oc 
H~^/^(l—t) was first theoretically suggested by Geshken- 
bein et al. in 1989 (^], and then developed by Vinokur 
et al. 0. This theory is based on the model of plastic 
flux creep ascribing the dissipation to the plastic shear of 
dislocations in a weakly pinned vortex liquid. It seems 
that this model perfectly describes the barrier relation of 
Bi-2212 thin fllms determined by Kucera et al. and 
Wagner et al. 8]. However, this model is based on the 
analysis of 3D vortex dynamics that provides a poor cor- 
respondence with the highly 2D vortex matter for which 
vortex cutting and reconnecting can change the plastic 
barriers in the same order of magnitude |5( . Previously, 
most of the published papers have extensive discussions 
on the regions of validity of the plastic creep concept. 
Deviations of the concept in experiments are observed 
Hi IE Q J but have not been studied detailedly until 
now. As a consequence, a detailed study of the creep de- 
viations from the plastic barrier model predictions is of 
primary interest. 

In this paper, we report measurements of resistive tran- 
sitions of a Bi-2212 thin fllm in magnetic fields parallel 
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FIG. 1; The Arrhenius plot of the Bi2Sr2CaCu2 08+a thin 
film. From left to right: noH = 0.0, 0.0037, 0.0052, 0.0070, 
0.0089 0.013, 0.021, 0.030, 0.050, 0.078, 0.113, 0.157, 0.302, 
0.604, 1.0, 2.0, 3.0, 5.0, 8.0, 12.0, 15.0, 18.0, 22.0 T. The 
dashed lines are linear regressions of the data in the range 
lO^^Pn < p < 10~ Vn. The inset is the p{T, H = 0) curve. 



to c-axis from to 22.0 T. comparing these transitions 
with previously published papers, we develop an empiri- 
cal barrier form for describing the deviations from plastic 
barriers. We find that this empirical form coincides with 
the plastic barrier form in a limited magnetic field range. 
By using this new expression, we successfully explain the 
observed deviations. 

Epitaxial Bi-2212 thin films were prepared by an in- 
verted cylinder magnetron sputtering technique on (100) 
SrTiOa and (100) LaAlOa substrates. The composition 
of the target was compensated in order to reach an ideal 
composition in the thin films. The sputtering gas was a 
1:1 mixture of Ar and O2 at 100 Pa. Deposition temper- 
ature was in the range of 810 ~ 840°C. After deposition, 
Bi-2212 thin films were annealed in an atmosphere of 10 
Pa pure O2 at ^ 500°C for 45 min. X-ray diffraction pat- 
terns show that thin films are highly c-axis oriented and 
epitaxial. The studied film with a thickness of 210 ±20 
nm was patterned with a microbridge [500 fim (length) 
X 100 /im (width)]. Gold leads were stuck onto the film 
with silver paste. In order to reduce the resistance be- 
tween the film and the gold wires, the film was baked at 
350° C in flowing oxygen for 6 hrs. Bipolar DC current 
of 40 fiA (corresponding to the current density of ^ 190 
A/cm^) was applied for the resistive measurement. This 
current density ensures that the low resistivity is ohmic 
in the most range for the measurement 0|. 

FigureHshows p(T, H) data of the Bi-2212 thin film in 
an Arrhenius plot. The dashed lines in Fig. ^a-re linear 
regressions for the resistivity data range of 10^^p„ < p < 
10"^/9„, where p„ = p{120 K) « 300 pflcm. A detailed 
examination of each curve suggests that these regressions 
are in good agreement with three or four order of mag- 
nitude of the resistivity data in a limited magnetic field 
range (0.021 < p,oH < 1.0 T), but do only approximately 
average the rounded curvatures for the other ranges. In 
following discussion, we will simply use some special field 
values as just mentioned above, which are arbitrarily de- 
fined by the intended field values in measurements, as 
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FIG. 2: Magnetic field dependence of Uo in both of the double 
log scale and the double linear scale (inset). The solid lines 
are plot regressions of Uo for two different field regimes. 



these values shall be close to the precise characteristic 
field values of the sample in reality and give very close 
information about the vortex matter. 

Figure |21 shows Uq [H] data. The linear regressions 
of Uo{H) in the plot suggest a power law dependence 
Uo oc H-" with a « 0.258 for poH < 0.113 T, and a « 
0.490 for pqH > 0.157 T. The second a value consists 
with the plastic barrier form and the results determined 
in Refs. 0)I3- However, rounded curvatures in the low 
resistivity portions are observed in the Arrhenius plot for 
PqH < 0.021 T and p,oH > 1.0 T, which are apparently 
not described by the plastic barrier form. 

Figure 131 shows the Inpo(C^) relation in both linear- 
linear and log-log scales. Note that Inpo(t^o) is approx- 
imately linear for 1190 < Uq < 5620 K corresponding 
to the field regime of 0.021 < fXoH < 1.0 T, where the 
regressions in the Arrhenius plots as shown in Fig. ^ are 
also linear, so that the determinations of InyOo(C^o) are 
quite accurate through the regime, and can be assuredly 
used to deduce some important information as discussed 
below. 

Considering the fact that many authors suggested 
Uo oc {1-tf withJJ = 1 in Refs. m^^,l,A,M,M.M, 
(3 = 1.5 in Refs. Hi, [13, /? = 2 in RefsJllaTand the 
j3 value selected from 1.5 to 2.4 in Ref. we start by 
assuming that p = p^f ex.]i[—U{T,H)/T], where po/ is 
constant, U{T,H) = g{H)f{t), g is the magnetic field 
dependence, / — (1 — t)^ , and /3 accounts for the non- 
linearity in the Arrhenius plot. Using the progression 
{1-tf = l-/3i+/3(/3-l)tV2!-/3(/J-l)(/3-2)t3/3!-F. . ., 
we obtain Inp « (Inpo/ + gP/Tc) - {g/T)[l + I3{(3 - 
\)t^/2\ - (3{f3 - 1)1(3 - 2)tV3! 4- . . .], where the term 
(Inpoy + g(3/Tc) ~ Inpo is temperature independent. 
With /3 = 1 , we have In po « In po / + Uq/Tc as observed in 
the linear part of Fig.|3for 1190 < Uo < 5620 K (denoted 
by arrows), where Uq = g- Here, the linear hipiUo) por- 
tion corresponds to the field range of 0.021 < poH < 1.0 
T. By linearly extrapolating Inpo(C^) to Uo — 0, we find 
that Po/ ~ 69.7 pflcm, and Tc ~ 83.1 K is the approxima- 
tion of the inverse value of the slope in the double linear 
scale. Assuming P = const, a linear lnpo(J7o) relation 
will be found. Obviously, (3 = const (including /3 = 1) 
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FIG. 3: \npo{Uo) data in both of the linear-hnear scale and 
the log-log scale (inset). The dashed lines represent the plot 
linear regressions for 1190 < Uo < 5620 K (as denoted by the 
arrows) . 



FIG. 5: Solid circles present g{H) data and open circles 
show I3{H) data. The dashed lines correspond to the plot 
regressions in the log-log scale. The inset shows g{H) and 
l3{H) data in linear-linear scales. 
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FIG. 4: (a) The different symbols give —dlnp/dT~^ data in 
several magnetic fields as denoted by corresponding symbols. 
The dotted line is the flux flow boundary determined in (b). 
(b) The solid lines present U{T,H) T\n[pof / p{T, H)] data 
for all the tested magnetic fields. The dotted line is U — T 
corresponding to the flux flow boundary, (c) The solid lines 
are p{T,H) data for all the fields. The dashed lines in (a), 
(b), and (c) are regressions using the empirical barrier form 
with the same g{H) and I3{H) (see text). 



can not account for the nonlinear portions of Inpo(t^o) 
curves in the regimes of C/o < 1190 K and > 5620 
K. It is interesting to note that if (3 is magnetic field de- 
pendent, / becomes magnetic field dependent, and thus 
a non-linear character is introduced into the Inpo(C^o) 
dependence. 

Previously, a magnetic field dependent / was proposed 
by Palstra et al. and Kim et al. by intro- 

ducing a magnetic field dependent Tx{H) instead of Tc 
for the barrier scaling. Assuming Tx — Tel fi-, we find 
Inpo ~ Pof + g/Tx for the similar explanation of the 
nonlinear Inpo(^o)- In Bi-2212 thin films, Kucera et al. 



and Wagner et al. suggested that the barriers 
should scale according to U (x H~^/'^{1 — t) with a con- 
stant Tc in t. However, f/(T, H) data for the low resis- 
tivityportion as mentioned by the authors in Fig. 4 of 
Ref. m do more favor Tx{H) than Tc. Fig. ^a) shows 
-d\np{T,H)/dT-^ data with different symbols for dif- 
ferent magnetic fields. In the field range 0.021 < hqH < 
1.0 T (not all shown in the figure for clarity), the data are 
roughly temperature independent in the TAFF regime, 
indicating that [/ oc (1 — i). Note that / = 1 — t will 
lead to -din p/dT-^ = U~TdU/dT = g, where the g is 
temperature independent. For poH > 1 T in the TAFF 
regime, — 91n p/dT^^ of our Bi-2212 thin film in Fig.^a) 
and Bi-2212 crystals in Ref. 6] are temperature depen- 
dent. It seems that similar temperature dependences can 
also be deduced from high field data in Refs. These 
temperature dependences do not support the f = I — t 
argument even by substituting Tx{H) for Tc. 

For high fields, each —d\n p/dT~^ monotonously de- 
creases with temperature from low temperature to a lo- 
cal minimum. One may take the data around these 
minima for U simulation in which a constant/? for 
-d\np{T,H)/dT-^ data may be determined Hi [3. 
However, taking into account the flux flow condition 
U <T, this may lead to a wrong result. Fig.^fb) shows 
U{T,H) = T\a\pof/ p{T,H)] data with solid lines and 
the flux flow boundary U = T with the dotted line. The 
flux flow temperature Tff(H) can be determined with the 
crossing points between the U{T, H) lines and the dot- 
ted line U = T. We thus draw the flux flow boundary, 
~d\np{Tff,H)/dT-\ with a dotted line in Fig. gja). 
It is found that minima of —dliip(T,H)/dT^^ may re- 
sult in a corresponding temperature higher than Tf f for 
high fields. This means that the determination of a con- 
stant (3 around the minima of —din p{T, H)/dT^^ shall 
be dismissed. 

As a result, we argue that we have to use / = (1 — t)'^ 
as a substitute for / = (1 — t) in the barrier defini- 
tion, where (3 is magnetic field dependent. The dashed 
lines in Fig. Qfb) correspond to the best regressions using 
the expression U{T,H) — g{l — t)^ for which the resis- 
tivity data in the range of 10^''p„ < p < 10~^p„ are 
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used, where g and (3 are free fitting parameters. We also 
present dashed lines using the same g{H) and f3{H) for 
-d\np{T,H)/dT-^ and p{T,H) in Fig.|l;a) and (c), re- 
spectively. These regressions are in good agreement with 
U{T,H), -d\np{T,H)/dT~^, and p{T,H) in the TAFF 
regime. 

Figure [3 shows g{H) and P{H) data, respectively. 
From the figure, we can roughly divide the g data into 
four magnetic field regimes according to the field values 
that were used in the measurements. We find that both 
g{H) and (3{H) have an apparent increase for pqH < 
0.013 T where a « 0.751, and f] increases with decreas- 
ing field, indicating a deviation from the plastic barrier 
model. As mentioned in many articles [T9ll20ll2H|. the 
binding and unbinding behaviors of 2D vortex-antivortex 
pairs dominate the low resistivity in the low magnetic 
field range. Obviously, the 2D behaviors do not relate 
to the plastic vortex motion. In the range of 0.021 < 
PoH < 1.0 T, /3 « 1, a « 0.275 for 0.021 < poH < 0.113 
T, and a « 0.502 for 0.157 < p.oH < 1.0 T. For 
0.021 < pqH < 0.113 T, the intervortex spacing is rela- 
tively large and the vortex matter is in a 3D state where 
the vortex system is very close to or can be in the plastic 
barrier regime HQ. For 0.157 < hqH < 1.0 T, both 
a and (3 have the values predicted by the plastic form, 
indicating that the vortex system is in the plastic barrier 
regime. Note that the vortex system changes from 3D to 
2D at a crossover field p,oHd ~ 40o/7^rf^, where 7 is the 
anisotropic factor with 50 < 7 < 200 in Bi-2212 flUQ, 
d is the interplanar spacing, and 4>q is the flux quantum. 
If 0.157 < ^oH < poHd, the vortex system is 3D for the 
plastic barriers. li poHd < poH < 1 T, the system is 
in a 2D state where it maintains some 3D characteristics 
allowing plastic barrier behaviors. These 3D character- 
istics are gradually destroyed by further increasing the 
magnetic field {poH > 1.0 T), where a « 0.355 and /3 
increases with poH as shown in Fig. [S] For pqH > 1.0 
T, the vortex matter gradually crosses over into a highly 
2D state where 2D vortices (pancake vortices) are largely 
overlapped and 2D collective interaction dominates the 
vortex behaviors; besides, the plastic vortex behavior 
has to fade away due to a strong interlayer decoupling 
[1 HHH Qj' In particular, Kucera et al. and 
Wagner et al. Q also mentioned deviations of the plastic 



barriers at high magnetic fields which were suggested to 
relate to a 3D to 2D transition. 

Note that both U{T,H) and -d\np{T,H)/dT-^ in- 
crease with decreasing temperature and deviate from the 
regressions in low temperature. This implies that the vor- 
tex coupling and pinning are enhanced. The deviations 
corresponding to the curvature differences and the curve 
separations between experimental data and fittings are a 
consequence of changes of competitive relations between 
pinning and depinning, and between coupling (reconnect- 
ing) and decoupling (cutting). These changes may grad- 
ually drive U (T, H) into the j dependent regime with 
decreasing temperature for j —>■ 0. 

It is easily found that the barrier estimations with the 
empirical and the plastic barrier forms {g in Fig.|Sland Uq 
in Fig.[2Jl have the same order that is just consistent with 
the plastic barrier prediction for any vortex deformation 
5]. In this case, the empirical form coincides with the 
plastic barrier prediction. The similar barrier relation 
and values, obtained by AC susceptibility measurements 
of a similar Bi-2212 thin film for pnH < 1.0 T, give a 
support to the g{H) determination |23 |. 

Note that the increasing /3 (/3 > 1) is a common be- 
havior with increasing 2D feature for ijqH < 0.013 T 
and pqH > 1.0 T. This implies that the increasing /3 fea- 
tures, as shown in Fig. [S] give the signs of a crossover 
from 3D to 2D, which differs on both field sides by its 
strength. For H ^ 0, the low resistivity portion is dom- 
inated by the 2D behaviors of binding and unbinding of 
vortex-antivortex pairs. In high field, influences of in- 
terlayer decoupling and 2D collective behaviors must be 
taken into account for increasing H. 

In summary, based on experimental results, we have 
developed an empirical barrier form U oc iJ-"(^)(l - 
i)/3(H) in Bi-2212 thin films. This expression coincide 
with the plastic barrier prediction over the magnetic field 
range 0.021 < pqH < 1.0 T, and can be applied to ac- 
count for the deviations from plastic barriers in Bi-2212 
thin films. Moreover, this model may possibly be used 
for the analysis of TAFF behaviors in other HTSCs. 
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